One contribution of 12 to a theme issue 'Bioinspired hierarchically structured surfaces for green science' . Polypropylene (PP) is a popular plastic material used in consumer packaging. It would be desirable if such plastic containers were liquid repellent and not so easily fouled by their contents. Existing examples of superoleophobic surfaces typically rely on poorly adhered coatings or delicate surface structures, resulting in poor mechanical durability. Here, we report a facile method for creating superoleophobic PP surfaces via incorporation of nanoparticles (NPs) into the polymer surface. A solvent-NP-PP mixture was spin coated at high temperature to achieve the necessary roughness. Such surfaces were further functionalized with fluorosilane to result in a durable, super-repellent surface. They were also found to exhibit some repellency towards shampoos. This method of incorporating NPs into polymer surfaces could also prove useful in improving the antibacterial, mechanical and liquid-repellent properties of plastic devices.
Introduction
Oil repellency (superoleophobicity) is a desirable surface property for a range of different applications [1] including anti-fouling [2, 3] , self-cleaning [4] , antismudge [5, 6] and lab-on-chip [7] applications. However, oil repellency is difficult to accomplish as the surface tensions of oils are much lower than that of water, meaning oil droplets are more likely to display contact angles of less than 90 • on flat surfaces.
However, high droplet contact angles can still be achieved, even if the contact angle on the flat surface (θ flat ) is low, through the use of re-entrant geometries, where surface asperities create an overhang (i.e. become narrower closer to the surface) [8, 9] . This is most commonly achieved through the use of nanoparticles (NPs). To repel liquids with low surface tensions, a low surface energy material is also typically required [10, 11] . Fluorinated materials are commonly used as fluorine is very electronegative and has a low polarizability. This results in a low susceptibility to London dispersion forces, leading to weak intermolecular forces, weak cohesive and adhesive forces and therefore low surface energies.
Many existing methods for creating superoleophobic surfaces rely on applying coatings to a substrate and incorporate the necessary roughness and low surface energy material [5, 6] . Several use a 'one-pot' technique with all materials mixed and deposited together [12, 13] . However, the coatings resulting from these techniques typically suffer from poor durability due to the weak interfacial adhesion between the substrate and the low surface tension material required for oil repellency. Instead of using a coating, it can be desirable to treat the surface of the substrate directly to add roughness and lower the surface tension. Techniques specific to different substrates therefore need to be developed. For example, acid etching has been shown to be an effective way of creating superoleophobic aluminium surfaces [14] and an acetone-NP mixture can result in solvent-induced phase transformation for polycarbonate to create superoleophobic nanocomposite surfaces [15] .
Polypropylene (PP) is a common polymer used in a wide variety of applications including consumer packaging, automotive parts and textiles. Water-and oil-repellent PP surfaces are therefore of interest for a wide range of industrial and consumer applications such as in packaging, where it is desirable for the product to be repelled from and not foul the container, reducing wastage and improving the customer experience. PP is commonly found in the bottles and caps used for shampoos, laundry detergents and soaps. Such products contain surfactants, which lower the surface tension of the liquid to aid in cleaning. Surfactant molecules can attach to the walls of the packaging, where they strongly adhere. It would therefore be beneficial if the PP surface could be treated so as to be repellent to water, oils and low surface tension materials. Water repellent PP has been previously demonstrated by solvent casting a PP film from a mixture of good (xylene) and bad (methyl ethyl ketone) solvents (which dissolve and precipitate the polymer respectively) [16] or by dipping the substrate in a xylene-NP solution [17] . In both cases, the samples were found to be superhydrophobic; however, durability experiments were not carried out. In addition, a PP surface that is repellent to water and oils has yet to be created.
In this paper, durable superoleophobic PP has been created through the incorporation of NPs into the polymer surface. The durability and functionality of the surfaces have been tested; durability is important if these surfaces are to be feasible for application in various industries including medical, transportation, construction and consumer goods packaging. Finally, as the NPs are only incorporated near the interface, this technique could be advantageous compared with other polymer nanocomposite fabrication techniques where NPs are distributed throughout the polymer, affecting the properties of the bulk material.
Experimental details
In order to achieve structures amenable to creating a superoleophobic surface, the surfaces described in this paper comprise PP treated with a xylene-NP-PP mixture heated to 135 • C, figure 1. It is found that spin coating this mixture onto a PP substrate resulted in a nanocomposite polymer surface. By creating polymer-NP composite surfaces in this way, re-entrant geometries suitable for oil repellency are achieved. NPs incorporated deeper into the polymer would have a less pronounced effect on the surface topography. Small, hydrophilic SiO 2 NPs were used as these have been shown to be susceptible to irreversible aggregation, resulting in non-spherical, micrometre-sized clusters [18] . In addition, SiO 2 NPs are known to have high hardness [19] , which will aid in the creation of a mechanically durable coating [20] . To achieve the oil repellency, the polymer-NP composite surface was then activated using UV irradiation and treated with fluorosilane. The re-entrant surface roughness due to NP incorporation enhances the surface properties of the fluorosilane to result in a superoleophobic surface.
(a) Samples
PP sheet (ASTM D4101-0112, SPI) cut to dimensions of 25 × 10 mm was used throughout. Silica NPs (7 nm diameter, Aerosil 380, Evonik Industries) were dispersed in xylene (Mallinckrodt) using an ultrasonic homogenizer (Branson Sonifier 450A, 20 kHz frequency at 35% amplitude) at various concentrations. PP (0.6 g) was then added to the mixture. The xylene-NP-PP mixture was heated to a temperature of 135 • C in a glass flask fitted with a water-cooled condenser to prevent solvent evaporation and 1 ml was added to the PP surface via spin coating and the surface was allowed to dry in air. To activate the polymer surface for silane attachment, samples were UV irradiated for at least 12 h (15 W, λ max = 254 nm). Samples were fluorinated via chemical vapour deposition of a silane, which was required in order to achieve superoleophobicity. One drop of trichloro(1H,1H,2H,2H-perfluorooctyl)silane (fluorosilane, Sigma Aldrich) was deposited next to the samples which were covered and left for 2 h.
(b) Contact angle and tilt angle
For contact angle data, 5 µl droplets of water and n-hexadecane (99%, Alfa Aesar) were deposited onto samples using a standard automated goniometer (Model 290, Ramé-Hart Inc.) and the resulting image of the liquid-air interface analysed with DROPimage software. Tilt angles were measured by inclining the surface until the 5 µl droplet rolled off. All angles were averaged over at least five measurements on different areas of a sample.
(c) Scanning electron microscope imaging
Scanning electron microscope (SEM, Philips/FEI Sirion) images were taken to determine the topography of the PP samples. To image the re-entrant geometry, SEM images were taken with the sample held at a 70 • angle. Samples were mounted with conductive tape and gold-coated prior to SEM imaging.
(d) Wear experiments
The mechanical durability of the surfaces was examined through macrowear experiments performed with an established procedure of using a ball-on-flat tribometer [20] . A sapphire ball of 3 mm diameter was fixed in a stationary holder. Loads of 10 mN and 45 mN were applied normal to the surface and the tribometer was put into reciprocating motion for 200 cycles. Stroke length was 6 mm with an average linear speed of 1 mm s −1 . Surfaces were imaged before and after the tribometer wear experiment using an optical microscope with a CCD camera (Nikon Optihot-2) to examine any changes [19] . Contact pressures for the tribometer wear experiments were calculated based on Hertz analysis [20] . The elastic modulus of PP, 1.3 GPa [21] , was used as an estimate for the elastic modulus of the composite coating and a Poisson's ratio of 0.42 was used [21] . Owing to the inclusion of SiO 2 NPs, the elastic modulus of final coating is expected to be higher, so an underestimated pressure will be obtained with the selected modulus. An elastic modulus of 390 GPa and Poisson's ratio of 0.23 were used for the sapphire ball used in the macroscale wear experiments [22] and the mean contact pressures were calculated as 8.6 MPa and 14.2 MPa for low and high loads, respectively.
(e) Shampoo repellency
To test the repellency of these surfaces towards consumer products, shampoo (Head and Shoulders, Procter and Gamble Co.) was poured onto the surface and the resulting surface-liquid interaction was photographed.
Results and discussion (a) Wettability of surfaces
Untreated PP (flat PP) is found to be slightly hydrophobic with water contact angles of 96 ± 1 • , table 1 and figure 2. After treatment with the xylene-NP-PP mixture followed by drying in air, the surface became superhydrophobic, with water contact angles of 161 ± 2 • and tilt angles of 2 ± 1 • . This superhydrophobicity is due to inclusion of NPs in the xylene mixture leading to the formation of a rough surface. The PP dissolved in the xylene helps to bind the NPs to the substrate after spin coating. The resulting rough surface contains a hierarchical surface morphology with re-entrant, overhanging geometry, figure 3. This morphology is sufficient to create a superhydrophobic state in water due to the ability of the hierarchical surface to trap air and thus create a composite interface. However, owing to the low contact angles for hexadecane on flat PP (35 ± 2 • ), the xylene-treated surface is superoleophilic with hexadecane fully wetting the surface, figure 2. To attain superoleophobicity, a low surface energy material is also required.
After UV activation (to facilitate silane attachment) and fluorosilane treatment, the surface becomes superhydrophobic and superoleophobic with contact angles of 172 ± 1 • and 159 ± 1 • for water and hexadecane, respectively, figure 2. The combination of the fluorosilane with the re-entrant, hierarchical structures obtained from NP incorporation enables the formation of a favourable liquid-vapour interface for lower surface tension liquids, such as hexadecane, that exhibit contact angles less than 90 • on the corresponding flat surface.
In order to optimize the surface, the concentration of NPs in the xylene solvent was varied. The hexadecane tilt angle was used as a measure of optimizing the surface treatment, figure 4 . An optimum hexadecane tilt angle of 4 ± 1 • was found on the fluorinated PP-NP composite surface resulting from a xylene-NP mixture concentration of around 8-9 mg ml −1 . Above this concentration and the hexadecane tilt angle begins to rise due to contact line pinning on the surface features.
(b) Wear resistance of surface
The mechanical durability of the polymer-NP composite surface was investigated through the use of tribometer wear experiments and the resulting optical images, showing a portion of the wear track, are displayed in figure 5 . The initial wear experiments were carried out with a load of 10 mN; however, no observable defect was found on the surface after this experiment and the surface remained oil repellent, suggesting good fluorosilane attachment to the polymer. Therefore, to further test the durability of the surface, the load was increased to 45 mN. This increased load resulted in an observable wear scar, upon which hexadecane droplets were found to pin (tilt angle increases) when rolled over the wear scar location. However, the images confirmed that the surface features were not completely destroyed and the surface may regain its oleophobicity after re-application of the fluorosilane layer. It is believed that these surfaces are significantly more durable than many other examples of superoleophobic surfaces, which typically rely on poorly adhered coatings or delicate surface structures. Many studies typically report either poor mechanical properties or fail to report any durability data. PP is a common material used in the creation of bottles and bottle caps for consumer products. One such product is shampoos, which comprise surfactants among other ingredients. To test the surface repellency towards these liquids, shampoo was poured over the superoleophobic PP. During testing, it was found that the superoleophobic PP surface was able to repel the shampoo, with the viscous liquid sliding down the surface with no visible product remaining on the substrate, as seen in figure 6 . This is compared to shampoo deposited onto untreated PP, which remains for a greater period of time and fouls the surface. However, if shampoo is left on the superoleophobic PP surface for a significant amount of time, there is some reduction in the repellent nature of the material. The superoleophobic material reported here could therefore find use in applications where contact with the fouling product is minimal (such as bottle cap or single-use applications). However, more work is required to fully achieve shampoo repellency for PP surfaces in constant contact with shampoo such as the inside of a typical consumer bottle. the low surface energy material, combined with the re-entrant surface structures, results in a surface that displays both high contact angles and low tilt angles for water and hexadecane. The super-repellent surfaces were found to be more durable compared with existing superoleophobic surfaces and coatings. The surfaces were also found to repel shampoo to some extent, with droplets sliding from the surface. However, long-term repellency to shampoo remains a challenge. Such incorporation of NPs into existing polymer surfaces is an attractive way to improve the anti-bacterial, mechanical and liquid-repellent properties of plastic devices.
Conclusion

